The sense of taste has a key role in nutrient sensing and food intake in animals. A standardized and simple method for determination of tastant-detection thresholds is required for chemosensory research in poultry. We established a 24-h, 2-alternative, forced-choice solution-consumption method and applied it to measure detection thresholds for 3 Gprotein-coupled receptor-mediated taste modalitiesbitter, sweet, and umami-in chicken. Four parameters were used to determine a significant response: 1) tastant-solution consumption; 2) water (tasteless) consumption; 3) total consumption (tastant and water together); 4) ratio of tastant consumption to total consumption. Our results showed that assignment of the taste solutions and a water control to 2 bottles on random sides of the pen can be reliably used for broiler chicks, even though 47% of the chicks groups demonstrated a consistently preferred side. The detection thresholds for quinine (bitter), L-monosodium glutamate (MSG) (umami), and sucrose (sweet) were determined to be 0.3 mM, 300 mM, and 1 M, respectively. The threshold results for quinine were similar to those for humans and rodents, but the chicks were found to be less sensitive to sucrose and MSG. The described method is useful for studying detection thresholds for tastants that have the potential to affect feed and water consumption in chickens.
INTRODUCTION
Taste perception is a key mechanism in the detection of nutritional carbohydrates, amino acids, salts, and fatty acids and for alerting the organism to toxins and spoilage in consumed food (Chandrashekar et al., 2006; Galindo et al., 2012) . Taste cues have been linked to food acceptance and avoidance, as well as feed or liquid intake, in different animals (Gentle, 1972; Simitzis et al., 2008; Mennella et al., 2009; Janssen et al., 2011; Schwartz et al., 2011; Smeets et al., 2012) . Despite the long-standing misconception of limited taste perception in chickens (Kassarov, 2001) , it is now clear that they have a well-developed sense of taste (Clark, 2014) . Although taste-bud count in the chicken oral cavity is relatively low (∼300) compared to humans (∼8,000) (Ganchrow and Ganchrow, 1985; Travers and Nicklas, 1990) , and their genome lacks 1 of the monomer units of the heterodimeric sweet-taste receptor T1R2/T1R3, and has only 3 bitter taste-receptor genes (ggTas2rs) compared to ∼30 in mammals (Shi and Zhang, 2006) the ratio of number of taste buds to oral cavity volume is higher than in most mammals (Roura et al., 2012) . Moreover, it has been recently shown that all 3 chicken bitter taste receptors are broadly tuned, thereby compensating for their low number . In addition, we have recently demonstrated the expression of the chicken taste-receptor genes ggTas2r1, ggTas2r2, ggTas2r7, ggTas1r1, and ggTas1r3 and their downstream genes encoding TRPM5, α-gustducin, and PLCβ2 in both gustatory tissues-the palate and the tongue, and in extra-gustatory gastrointestinal tract (GIT) tissues. Expression of these genes suggests the involvement of taste pathways in sensing carbohydrates, amino acids, and bitter compounds in the chicken GIT (Cheled-Shoval et al., 2015) . In mammals, such nutrient-sensing pathways have been shown to be involved in physiological GIT processes such as gastric emptying and gut motility, digestion, and gut hormonal secretion (Jang et al., 2007; Jeon et al., 2008; Janssen et al., 2011; Jeon et al., 2011; Kaji et al., 2013) , all of which affect feed intake and nutrient utilization.
Measurements of taste-detection thresholds are common in rodents (Koh and Teitelbaum, 1961; Delay et al., 2000; Stapleton et al., 2002; Delay et al., 2006; Long et al., 2010; Soto et al., 2015) , monkeys (Larsson et al., 2014) , and humans (Purves et al., 2001; Pepino et al., 2010; Satoh-Kuriwada et al., 2012; Joseph et al., 2016) . Taste-detection threshold tests are common in birds as well, via the following types of methods: 1) a 2-choice test, in which the tastant is dissolved in distilled water, and the bird is given a choice between the solution and pure water (Kare and Medway, 1959; Fuerst and Kare, 1962; Gentle, 1972; Matson et al., 2000; Matson et al., 2001) ; 2) a free-choice test between several concentrations of the tastant and water (Jacobs and Scott, 1957; Gentle, 1972) ; and 3) a 1-bottle test, in which consumption of the dissolved tastant alone is compared to consumption of water alone in different birds (Pfaffmann, 1956; Kudo et al., 2010; CheledShoval et al., 2014) . In addition to a number of offered choices (1 waterer, 2 waterers, or more), taste detection and preference studies in chicken that varied in length (minutes to days) (Gentle, 1972) , have been performed with chickens of different ages (embryos to adult poults) (Jacobs and Scott, 1957; Vince, 1977; Ganchrow et al., 1990) and strains (Kudo et al., 2010) , using various perception measurements (including oral and body behavior, liquid consumption, and electroencephalogram analysis (EEG) of arousal patterns) (Gentle, 1972) . The results of these studies of taste perception in chickens show great variability. For example, different studies have come to contradictory conclusions regarding chickens' ability to sense sucrose, from indifference (Kare and Medway, 1959) to moderate or strong rejection or preference (Jacobs and Scott, 1957; Kare et al., 1957; Gentle, 1972) . Similarly, the same taste stimuli (for example, glucose, fructose, and sucrose, which are attractive to mammals) have given rise to different preference and behavioral results, from strong preference to rejection (Gentle, 1972; Gentle and Harkin, 1979; Ganchrow et al., 1990) . Other same-modality tastants have elicited differential effects: (Fuerst and Kare, 1962) reported that the reaction of Red Rock crossbred chicks to sour taste varies between organic and inorganic acids.
Due to the predicted high importance of taste in nutrient sensing and nutrition in farm animals (Moran et al., 2010; Roura et al., 2013; Shirazi-Beechey et al., 2014) , including fast-growing broilers, our aim was to establish a standardized and simple 2-choice method for taste-threshold detection in chickens. Here we describe the method and use it to determine the detection thresholds of representative bitter, umami, and sweet compounds. A comparison with published detection thresholds in mammals is presented and discussed.
MATERIALS AND METHODS

Compounds
Compounds used for the threshold tests were sucrose (C 12 
Taste-Detection Threshold Tests
For each taste-detection threshold test, 1-day-old chicks (Cobb 500) were obtained from a commercial maternal broiler flock (Brown Ltd., Hod Hasharon, Israel). Chicks were placed in separate 40 × 40 cm pens in a brooding house, 3 birds per pen. The chick's feed, which was formulated to meet nutritional requirements as appropriate, was offered ad libitum. Water was freely available until the taste-threshold-tests were performed. Mortality was recorded if occurred (no recorded mortality).
All taste threshold tests were 2-alternative forced choice (2-AFC) as follows: the tests were performed on groups of three 1-d-old chicks: QH (n = 150), MSG (n = 120), IMP (n = 60), MSG+IMP (n = 75) and sucrose (n = 120). The chicks were divided into equal-weight treatment groups (1 treatment group for each concentration tested and 1 control group; Table 1 ). Each treatment group had 5 replications (i.e., 5 pens per treatment group, each pen with 3 chicks). For example, for QH, the first taste-detection threshold test included 3 chicks × 6 treatments × 5 replicates = 90 chicks. The second taste threshold test included 3 chicks × 4 treatments × 5 replicates = 60 chicks, for a total of 150 chicks.
In each pen, 2 bottles equipped with chick drinking nipples (250 mL; Plasson R , Israel) were filled with either distilled water or tastant solution (compound dissolved in distilled water), weighed, and placed 20 cm apart on each side of the back of the pen, opposite the feed (Figure 1 ). Consumption of water or tastant solution from each bottle was recorded by weighing the bottles 6 h and 24 h into the trial. All trials were begun at the same time (0900 h) and ended after 24 h. To determine the recommended duration of the threshold tests, we tested consumption 6 h and 24 h into the trial.
The consumption measurements were expressed as: 1) consumption from the tastant solution side; 2) consumption from the water side; 3) total consumption (from both the water and tastant solution sides), and 4) the ratio of consumption on the tastant solution side to total consumption. An evaporation control bottle was placed in the room as well, but no significant evaporation was recorded. Each test included 3 to 5 increasing concentrations of the taste molecule (Table 1) .
Preliminary threshold tests were performed twice ( Figure 8 .), with taste-stimulus positioning based on side-preference determination in a pen or random positioning of the taste stimulus, as follows: first, sidepreference determination per pen was based on (Matson et al., 2000) , and was monitored 3 d prior to the threshold tests. Two 250-mL bottles were filled with water, weighed and placed 20 cm apart on each side of the back of each pen for 72 h. During the side-preference determination trial, water consumption on both sides was recorded by weighing the bottles each day, and side preference was determined according to the proportion of water consumed from each side. The mean side preference of the 3-d trial was chosen as the final side preference for the tastant test. Following the sidepreference trial, tastant solutions were presented on the chicks' preferred side (for bitter) or non-preferred side (for umami and sucrose) for 24 h. The assignment of tastants to preferred or non-preferred sides was based on Matson et al. (2000) . After 6 h and 24 h, consumption from each bottle was recorded and the results were expressed as described above. In the second preliminary threshold test, the bottles with taste-stimulus solutions and water were positioned randomly in the pen. After 6 h and 24 h, consumption from each bottle was recorded and the results were expressed as described above.
All experimental procedures followed established guidelines for animal care and handling and were approved by the Hebrew University Institutional Animal Care and Use Committee (AG-12-13054).
Statistical Analysis
A significant shift in 1 or more of the 4 consumption measures outlined above in a treatment group (i.e., stimulus solution at a certain concentration) compared to the consumption measurements in the control group (water only) indicated that the chicks detected the tastant at that particular concentration and changed their drinking behavior. The lowest tastant concentration that caused a significant shift in 1 or more of the 4 measured consumption parameters was defined as the taste threshold. One-way analysis of variance (ANOVA) was performed and differences between means of the treatment groups and the control group were calculated using Dunnett's test (marked with an asterisk).
An α level of 0.05 was used. These statistical analyses were conducted with JMP Pro 12 software (SAS Institute Inc.).
RESULTS
Duration of the Taste-Detection Threshold Tests
In an effort to establish a clear and easy protocol for the determination of taste-detection thresholds, we tested consumption 6 h and 24 h into the trial. The results after 24 h showed significant differences between the taste stimuli and the water control, whereas after 6 h, no differences were observed for most compounds tested. However, it should be noted that at higher concentrations, some of the tastant compounds did demonstrate significant differences as compared to water after 6 h. The issue of duration of taste-threshold test arises from the lack of consistency of test lengths in previous chicken taste research. Moreover, previously described behavioral responses to aversive tastants on a short time scale include chickens' exploratory pecking at the aversive nipples (Gentle, 1972) . This exploratory behavior might affect the consumption measurements at 6 h without indicating an actual threshold. Alternatively, longer tests, as described by (Jacobs and Scott, 1957) and (Kare et al., 1957) , consisting of 10-to 33-d trials, showed that the results are likely to be influenced by long-term effects due to the long exposure to the substances. Based on those findings, the use of the relatively short time of 24 h is recommended for broilers to obtain accurate detection-threshold concentrations for specific tastants.
Side Preference vs. Random Positioning
When determining taste thresholds in avian species, previous reports have shown that some birds tend to have a preferred drinking side, i.e., a tendency to drink from a specific side or a particular waterer (Jacobs and Scott, 1957; Matson et al., 2000) . This behavior might affect the results of the 2-AFC taste-threshold tests performed here. Our results showed that 47% of the broiler after 24 h; (B) total consumption (QH and water; per chick) and QH-consumption to total consumption ratio in the different concentrations (as percentage of control) after 24 h. All consumption parameters were normalized to the distilled water control group (=100%; indicated by black line at 100). Bars represent consumption (represented as % of control group) ± SEM.
* Significantly different from the control group at P ≤ 0.05 by Dunnett's test. chicks groups had a significant side preference during the preliminary 72 h trial, whereas 53% changed their preferred side at least once. Next, we compared the results obtained for threshold detection of a bitter compound when placed on a specific side (based on the preferred-side-determination test) vs. random distribution (without prior checking for preferred sides).
Detection Threshold for Bitter Molecules
Bitter taste is considered a warning signal against the consumption of poisons. Several compounds have been shown to activate chickens' bitter-taste receptors [information also accessible via the BitterDB database http://bitterdb.agri. huji.ac.il/dbbitter.php (Wiener et al., 2012) ]. Here we chose QH, which activates all 3 chicken bitter-taste receptors (Cheled-Shoval et al., 2014).
In the side-preference-based threshold test, 5 different concentrations of QH were tested: 0.1 mM, 0.5 mM, 2 mM, 5 mM and 10 mM (Table 1, Figure 2 ). At 0.5 mM and up, consumption from the preferred side (QH solution side), and the ratio of consumption on the preferred side to total consumption were lower than for the controls, whereas consumption from the non-preferred side (water) was significantly higher than for the control group (P < 0.0001 for all parameters).
In the random-positioning threshold test, 3 different QH concentrations were examined: 0.1 mM, 0.3 mM, 0.5 mM (Table 1, Figure 3 ). Concentrations were based on previous findings (Kudo et al., 2010; Cheled-Shoval et al., 2014) and the preliminary preference test. At 0.3 mM and 0.5 mM, consumption from the QH solution side and the ratio of consumption parameter were lower than for control (P = 0.0105 and P < 0.0001, respectively). Water consumption was higher than for the control group (P < 0.0001 for both concentrations). A comparison of the results from the side-preference method and the random-positioning method showed no significant difference in the measured threshold. Preliminary side-preference tests were conducted for MSG and sucrose as well. The threshold results of these sidepreference positioning tests were identical to those of the random-positioning tests (data not shown); thus, we concluded that determination of side preference prior to the 2-AFC tests is unnecessary. In the following tests, the taste-stimulant solutions were randomly positioned in the bottles.
Detection Threshold for Umami Molecules
Umami is one of the 5 basic taste modalities. In mammals, this savory taste is imparted by MSG and enhanced by 5 -ribonucleotides such as IMP (Yamaguchi, 1991; Yamaguchi and Ninomiya, 1998) .
MSG. The chicken threshold for the umami tastant MSG was examined by placing MSG solution and water on randomly assigned sides of the pen. Three different concentrations were tested: 100 mM, 300 mM and 500 mM (Table 1, Figure 4 ). MSG consumption was decreased (P = 0.0435) at 500 mM. At 300 mM and 500 mM, water consumption was higher than for control (P = 0.0386 and 0.0032, respectively), whereas the ratio parameter was decreased compared to controls (P = 0.0243 and P = 0.0022, respectively).
IMP. In mammals, IMP alone does not elicit an umami taste, but enhances the taste of MSG, a phenomenon known as umami taste synergism (Yamaguchi, 1967 . Consumption parameters for MSG-threshold-detection test. Effects of different concentrations of MSG on (A) MSG side and water side consumption parameters (per chick) in the different concentrations (as percentage of control) after 24 h; (B) total consumption (MSG and water; per chick) and tastant-side (MSG) consumption to total consumption ratio parameters in the different concentrations (as percentage of control) after 24 h. All consumption parameters were normalized to the distilled water control group (=100%; indicated by black line at 100). Bars represent consumption (represented as % of control group) ± SEM.
* Significantly different from the control group at P ≤ 0.05 by Dunnett's test. Yamaguchi and Ninomiya, 2000) . Three different IMP concentrations were tested: 0.1 mM, 1 mM and 10 mM ( Figure 5 ) based on IMP thresholds reported in (Fuke and Shimizu, 1993; Kawai et al., 2002) . No significant changes were found in any of the consumption parameters compared to control. Namely, IMP alone did not elicit aversion or attraction.
MSG and IMP To test whether addition of IMP affects the MSG detection threshold in chickens, we tested MSG concentrations below and above its threshold in combination with different IMP concentrations (Table 1, Figure 6 ): 1) 100 mM MSG+0.1 mM IMP, 2) 100 mM MSG + 1 m M IMP, 3) 300 mM MSG + 0.1 m M IMP, and 4) 300 mM MSG + 1 mM IMP. No significant changes were found in any of the consumption parameters compared to the control group for combinations of 100 mM MSG with low and high concentrations of IMP. However, water consumption in the 300 mM MSG+ 0.1 mM IMP and 300 mM MSG+ 1 mM IMP groups was higher compared to controls (P = 0.0019 and P = 0.0078, respectively). Therefore, 100 mM MSG, either alone or with addition of IMP, was not consumed differently from water, whereas 300 mM MSG, either alone or with IMP addition, was consumed differently from water. This shows that there was no effect of IMP on the MSG threshold at the concentrations tested.
It should be noted that whereas umami is considered an attractive taste, the results indicated that chicks consume more water (or less MSG solution) in the 2-AFC test. This point is addressed in the discussion. 
Detection Threshold for Sweet Molecules
Several in-vivo studies in chicken have demonstrated a behavioral response (either preference or rejection) to different sugars (Jacobs and Scott, 1957; Gentle, 1972; Gentle and Harkin, 1979; Ganchrow et al., 1990; Roura et al., 2012) . Whereas glucose and fructose are mostly rejected, sucrose shows mixed responses (both aversion and preference), depending on the concentration tested. Sucrose was chosen in this study for sweet taste-threshold detection tests in chicken. Three different concentrations were tested: 1 mM, 100 mM and 1,000 mM (Table 1, Figure 7) . At 1,000 mM sucrose, consumption on the water side and total consumption were higher than for the control group (P = 0.0009 and P = 0.0112, respectively). Thus, it can be concluded that detection occurred at 1,000 mM and was manifested as an increase in water (control) consumption (no attraction to the sucrose solution; this point is addressed in the discussion).
DISCUSSION
This manuscript describes a method for determining tastant-detection thresholds in broiler chickens. We focused on the 3 G-protein-coupled receptor-mediated taste modalities, for which gene expression in the chicken oral cavity and GIT has been recently confirmed (Cheled-Shoval et al., 2015) . The need for a simple standardized method to determine taste moleculedetection thresholds in broilers arose from the great variability in previously published threshold tests for chickens and the increased importance of taste in nutrient sensing and nutrition in these animals.
The method described here (Figure 8 ) is a 2-AFC preference test between a taste-stimulant solution and total consumption (MSG+IMP and water; per chick) and tastant-side (MSG+IMP) consumption to total consumption ratio parameters in the different concentrations (as percentage of control) after 24 h. All consumption parameters were normalized to the distilled water control group (=100%; indicated by black line at 100). Bars represent consumption (represented as % of control group) ± SEM.
* Significantly different from the control group at P ≤ 0.05 by Dunnett's test. distilled water placed in two 250-mL bottles and presented for 24 h to 4-day-old chicks. Consumption was recorded after 24 h and evaluated via 4 parameters: 1) stimulant-solution consumption, 2) water consumption, 3) total consumption, and 4) the ratio of stimulant consumption to total consumption. A significant change in at least one parameter indicates a behavioral change caused by the tastant. The minimal tastant concentration that elicits such a change is referred to as the threshold concentration. Matson et al. (2000) referred to this type of threshold as a preference threshold and not an acuity threshold, meaning that the threshold represents the concentration at which the birds change their drinking behavior by preferring or rejecting a stimulus solution over water. Whereas the issue of side preference or "positioning effect" has been addressed in chickens and other birds for preference tests (Kare et al., 1957; Matson et al., 2000) , its implications for taste thresholds have never been assessed. Here, we found that placing the tastant solution randomly does not affect the detection threshold result. This could be due to different side preferences between different chick groups, or because ∼50% of the chick groups did not have a preferred side at all at this early age. Thus, in this case, preferred-side tests are unnecessary and the tastant solution and water can be randomly positioned. This is also recommended due to the uncertainty of the response that the tastant will generate in Figure 7 . Consumption parameters for sucrose-threshold-detection test. Effects of different concentrations of sucrose on (A) sucrose side and water side consumption parameters (per chick) in the different concentrations (as percentage of control) after 24 h; (B) total consumption (sucrose and water; per chick) and tastant-side (sucrose) consumption to total consumption ratio parameters in the different concentrations (as percentage of control) after 24 h. All consumption parameters were normalized to the distilled water control group (=100%; indicated by black line at 100). Bars represent consumption (represented as % of control group) ± SEM.
* Significantly different from the control group at P ≤ 0.05 by Dunnett's test. chickens when presented in water. For example, our results demonstrated rejection of sweet and umami tastants when presented in water.
A tastant is most commonly presented in the drinking water for threshold identification in avian species in general and chickens in particular, due to the simplicity of delivering accurate concentrations of the tastant to the animal and the afforded ability to measure exact consumption of the tastant. A subsequent step in assessing the acceptance or rejection responses of the tastants should consist of delivering the tastant in the feed. However, it should be noted that possible interactions between different compounds in the feed and the examined tastant may affect the animal's response.
Bitter
The natural bitter molecule QH has been tested in chicken and its consumption, behavioral responses, and in-vivo and in-vitro detection thresholds have been published (Ganchrow et al., 1990; Kudo et al., 2010; CheledShoval et al., 2014) . Taste-bud count in chickens has been shown to differ significantly between strains (hens vs. broilers), with broilers possessing a larger number of taste buds and showing higher sensitivity to QH: broilers (chunky strain) demonstrated a detection threshold of 0.5 mM whereas laying hens (White Leghorn and Rhode Island Red strains) had a threshold of 2 mM (Kudo et al., 2010) . Our experiment determined the QH-detection threshold in broiler chicks (Cobb 500) to be 0.3 mM. Table 2 shows that chickens and humans have a similar detection threshold for QH, whereas rat is more sensitive, with a threshold of 0.012 mM.
Umami
We tested the threshold for MSG and IMP individually and in combination to determine any synergistic (Kudo et al., 2010 , Cheled-Shoval et al., 2014 2 (Purves et al., 2001) 3 (Koh and Teitelbaum, 1961 (Jacobs and Scott, 1957 , Kare et al., 1957 , Gentle, 1972 ) (0.06-0.9 M) 1 2 (Joseph et al., 2016) 3 (Koh and Teitelbaum, 1961, Stapleton et al., 2002) 4 (Delay et al., 2006 effect. Chick consumption of MSG decreased at a detection threshold of 0.3 M, which is 10 to 100 times higher than in mammals (Table 2) . Similar to mammals, IMP alone was not detected by the chicks at the tested concentrations. Moreover, the MSG threshold was not affected by IMP, in contrast to the enhancing effect of IMP on MSG in mammals (Yamaguchi, 1967; Yamaguchi, 1991; Delay et al., 2000) . In mammals, umami has been found to regulate appetite and feed intake and to improve palatability (Roura et al., 2008; Roura et al., 2011; Mouritsen, 2012) . It therefore has great potential in farm animal feeding. One of the compounds known to elicit the savory umami taste is MSG, whereas IMP alone does not elicit umami taste in humans, but rather potentiates the effect of MSG synergistically (Zhang et al., 2008) . (Kurihara, 2015) described a 1.7 and 8 times higher response to MSG+IMP than to MSG alone in rats and humans, respectively. A study of the acceptance or synergistic effect of umami tastants in chicken reported an improved live weight gain in broilers when glutamic acid was added to a low crude-protein feed, although L-glutamic acid supplementation in excess or together with a broiler diet with unbalanced amino acid content may have negative effects on feeding behavior (Moran and Stilborn, 1996) . In addition, (Yoshida et al., 2015) demonstrated, in Rhode Island Red chicks, a synergistic effect of the umami tastants MPG and IMP, using a mixture of MPG and IMP at 0.5% and 0.05% (respectively) of the total feed. The mixture increased the chicks' feed intake compared to either MPG or IMP alone (neither of which affected feed intake). Those 2 studies did not indicate a specific threshold for the tested umami tastants, and did not test MSG. In addition, in those studies, the molecules were added to the feed rather than to a solution as done here. These differences might explain the aversive response found in the current study. Recently, (Baldwin et al., 2014) reported in-vitro activation of the chicken umami receptor T1R1/T1R3 by L-alanine and L-serine, measured in heterologous cells by calcium-sensitive photoprotein reporter assays. Due to the potential of umami tastants to influence feed intake and feed palatability in chickens, further investigation of the perception of different amino acids in vivo and their effect on feed intake and drinking behavior is needed.
Sweet
When studying sweet perception in chickens, the absence of 1 monomer (T1R2) of the heterodimeric sweet-taste receptor (T1R2/T1R3) must be considered (Lagerstrom et al., 2006; Shi and Zhang, 2006) . Our results showed a significant behavioral response to 1 M sucrose in terms of both water consumption and total consumption.
The elevated responses in terms of water and total consumption with 1 M sucrose are in agreement with (Gentle, 1972) , who showed significant rejection at 30% (0.9 M) sucrose. Moreover, similar results of aversive responses to hedonic molecules have been obtained with cockatiels (Matson et al., 2000; 2001) subjected to similar solution-based threshold-detection tests. Sucrose concentrations that are attractive to mammals, who have an intact T1R2/T1R3 in their genome, do not elicit an attraction or rejection response in chicken. This is in agreement with the absence of ggT1R2 in the chicken genome. Thus, the sweet T1R2/T1R3 heterodimer does not exist in chicken, while the chicken umami heterodimer probed in cell-based assay (Baldwin et al., 2014) did not show response to submolar concentrations of sucrose. The measured sucrose threshold in chicken was high compared to mammals (Table 2) .
However, accumulating data and our presented results demonstrate that chickens can perceive (either prefer or reject) sweet taste to a certain degree at higher concentrations. This suggests alternative modes of sensation and warrants further study.
In conclusion, this manuscript describes a standardized and simple 24-h 2-AFC method for threshold-detection tests in broiler chicks (Figure 8) . Preferred-side determination is not needed in chickens and random placing of the tested solutions is recommended. All tested compounds resulted in either rejection behavior (reduced tastant consumption, increased water consumption or both) for QH, sucrose, and MSG, or no response at tested concentrations (IMP). Compared to mammals, the bitter tastant QH showed a similar effect (rejection) and threshold concentration. The sweet tastant sucrose showed aversion (increased water consumption) at a very high concentration. MSG elicited an effect at higher (1 or 2 orders of magnitude) concentrations that was comparable to that in mammals but unlike mammals, the effect was rejection and was not influenced by IMP. Further research using additional tastants, and studying the tastants' effects in feed, will help elucidate the role of taste perception in feed-intake regulation, feed choice and acceptance.
